ABSTRACT Multipotential hematopoietic progenitor cell lines have been established from nonadherent cell populations removed from continuous mouse bone marrow cultures. Clonal sublines of lines B6SUtA or B6JUt derived from single cells formed mixed colonies containing erythroid cells, neutrophil-granulocytes, and basophil/mast cells in semisolid medium containing erythropoietin and conditioned medium from pokeweed mitogenstimulated spleen cells. Each of several subclones of cell line Ro cl formed colonies containing eosinophils, neutrophil-granulocytes, and basophil/mast cells in semisolid medium. Multipotentiality was maintained in vitro for over 21 (2, 3) . The second line of evidence derived from the demonstration of the clonal nature of disease states that involve cells of several hematopoietic lineages, including lymphocytes as well as myeloid cells (4, 5) .
The concept of primitive but committed hematopoietic progenitor cells restricted to specific differentiation pathways is based on studies using in vitro colony assays. These have shown that colonies commonly contain cells of a single lineage even though different types of colonies may be present in the same cultures (6) (7) (8) and that these different types of colonies arise from progenitors with different properties (9, 10) . In 1977, cultures containing mixed hematopoietic colonies of single-cell origin were reported (11) . Such colonies contain cells of the erythroid lineage admixed with megakaryocytes, macrophages, and in some instances granulocytes, including eosinophils as well as neutrophils (11) (12) (13) . We now report the characterization of permanent lines of factor-dependent and nonmalignant (14, 15) hematopoietic cells that differentiate along erythroid, neutrophil-granulocyte, and basophil/mast cell pathways after appropriate stimulation in vitro.
MATERIALS AND METHODS Bone Marrow Cultures. Continuous mouse bone marrow cultures were established according to published procedures, using the contents of a femur and tibia inoculated into 25-cm2 plastic flasks (Corning) in 25% horse serum (Flow Laboratories) and 10 ,u M hydrocortisone (16) . Cultures were established from B6.S, C57BL/6JUt, C3H/HeJ, CD-1 Swiss, N:NIH (Swiss), and BALB/c mice, medium was changed weekly, and all nonadherent cells were removed (17) . Factor-dependent hematopoietic cell lines were derived and grown in McCoy's 5A modified medium containing 10% WEHI-3 cell conditioned medium (CM) (18) according to published methods (17) . The exact molecule or molecules required for growth of these lines is not known; however, CM from pokeweed mitogen-stimulated spleen cells or the purified fraction of WEHI-3 CM termed interleukin 3 (IL-3) (19) contains the required factor(s).
Cloning. Briefly, nonadherent cells were harvested from continuous mouse bone marrow cultures and were transferred in 4 ml to 6-cm plastic Falcon Petri dishes and passaged biweekly at 31°C. Cloning was carried out by transfer of serial 1:10 dilutions of cells into growth medium containing 0.8% methylcellulose. Single-cell-derived colonies at limiting dilution (10-100 cells per ml of culture) were removed by sterile Pasteur pipette on day 7 and then expanded to 107-108 cells. Recloning was then carried out on Terasaki microtiter plates (1-10 cells per ml, 1.0 ml per plate) (20) . Only cells grown from a single cell progenitor were expanded as cloned lines.
Microscopic, Karyotypic, Histochemical, and Immunologic Assays. Electron microscopy, histochemical assays for myeloperoxidase and esterase M (3-hydroxy-2-naphthoic acid 2-methoxyanilide chloroacetate substrate), benzidine stain for hemoglobin, toluidine blue assay for metachromasia, leukocyte alkaline phosphatase and lysozyme assays, and Wright/Giemsa Abbreviations: CM, conditioned medium; IL-2 and IL-3, interleukins 2 and 3; BFU, burst-forming unit; CFU, colony-forming unit; -e, erythroid; -c, culture; -s, spleen; -meta, metachromatic cells; GM-, granulocyte/macrophage; G-, granulocyte.
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hematologic stain were as reported (21) (22) (23) . Cells were tested for histamine synthesis (22) , production of interleukin 2 (IL-2) (19) and (19) , Thyl.2, Lyl, Ly2, and Ly5 antigens and intracellular Ig as described (24) . Karyotyping was as reported (14) .
Colony-Forming Assays. Colony assays for determination of BFUe, CFUe, GM-CFUc, G-CFUc, CFU-meta, and CFUs (by in vivo assay; BFU, burst-forming unit; CFU, colony-forming unit; -e, erythroid; -c, culture; GM-, granulocyte/macrophage; G-, granulocyte; -meta, metachromatic cells) were performed according to published procedures (25) (26) (27) . RESULTS Factor-dependent cell lines were derived from retrovirus-infected and uninfected long-term bone marrow cultures of each of several mouse strains (28) . As shown in Table 1 (Fig. 1) . These BFUe and other mixed colonies in the same plates contained cells positive in the benzidine histochemical reaction for hemoglobin (Fig. 1) . The ultrastructural appearance of B6SUtA cl 27 cells maintained as a line was consistent with that of undifferentiated blasts; however, upon stimulation with erythropoietin and CM from pokeweed mitogen-stimulated spleen cells as a source of burst-promoting activity (25) , cells with the characteristics of erythroblasts became apparent (Table 2) .
Another cell line, Ro cl 3-1, which contained similar numbers of metachromasia-and myeloperoxidase-positive cells, also demonstrated properties of eosinophils with detectable lysolecithinase synthesis and light microscopic appearance (Fig. 1) (Table 3 ). In the 26 other subclones from the same line, capacity for erythroid colony formation was not demonstrable. The uncloned parent lines B6SUtA and B6JUtA, B6SUtA cl 27 (Table 3), and each of five single-cell-derived subelones of B6SUtA cl 27 (Table 3) were assayed at intervals throughout a period of several months to test the stability of their mixed erythroid/ neutrophil/basophil colony-forming capacity. All remained able to form readily detectable mixed macroscopic erythroid/neutrophil/basophil colonies, and during this period there was also no change in expression of granulopoietic differentiation potential (Table 3) .
A variation was observed in the frequency of mixed colonies and BFUe detected with cell line B6SUtA and its subclones during the 21/2 years of these studies, in part attributable to the use of different lots of fetal calf sera and sources of erythropoietin, and CM from pokeweed mitogen-stimulated spleen cells as a source of burst-promoting activity. Under the best conditions a frequency of 4-9/10' mixed colonies was observed (Tables 2 and 3 ). The frequency was at times about 1/10th. In multiple recloned sublines neutrophil-granulocyte and basophil/mast cell colonies were detected after 7 days in replicate cultures from the same assays that another 7 days later were found to contain large mixed and erythroid colonies (Fig. 1) . (17, 29) . Control cell line mouse myeloma, M-1 (30) , erythroleukemia cell line T cl 9 (21) , and Rfn mouse acute myeloid leukemia (AML) were as described (21) . tWright/Giemsa-stained slides of each line were prepared as described (18) and at least 1,000 cells were scored. BL, blast; Pro, promyelocyte; Eos, eosinophil; N, neutrophil; Mtm, metamyelocyte. tHistochemical methods for myeloperoxidase (Mpo), lysozyme (Lyz), esterase M (Est M), and toluidine blue (Tol blue) were as described. Results are mean ± SEM for at least 1,000 cells scored on triplicate preparations of each line tested at 1 year in culture (21) . § Methods for detection of Thyl.1, Lyl, and Ly2 by using monoclonal antibodies and a fluorescence-activated cell sorter have been reported (24) .
NT, not tested.
Proc. Natl. Acad. The histochemical evidence for multipotentiality of cell line B6SUtA cl 27 and its subelones was also maintained over the 2'/2 years of study. Myeloperoxidase, specific for the neutrophil-granulocyte pathway, and esterase M and toluidine blue metachromasia, found in neutrophil-granulocyte and mast cells but not in lymphocytes (21) (21) . However, detectable numbers of B6SUtA cl 27 cells in each subelone were always positive in each of these histochemical assays and provided further strong evidence for multipotentiality. Each cell line was tested for production of IL-3 and IL-2 (19) and was negative.
Each cell line was also tested for spleen colony-forming ability in irradiated syngeneic mice. Spleens were removed and fixed 8, 9, and even 14 days after injection, but no sign of spleen colony formation was observed ( 24 and 32D cl 23, respectively. Mice were observed for 1 year for signs of leukemia or solid tumor formation. Peripheral blood counts and differential white cell counts were made monthly. In addition three litters of 1-day-old C57BL/ 6J mice (total of 18 mice) were injected intraperitoneally with 1 X 107 cells of line B6SUtA cl 27 and observed for 1 year. Cell line B6SUtA cl 27 was tested at three times after its establishment for tumorgenicity in adult mice (at 6 months, 1 year, and 18 months after cloning). No leukemias or solid tumors were observed in any of these groups of animals for 1 year.
The karyotypes of B6SUtA cl 27 and B6JUt cl 7 were analyzed after the cells were in culture for 10 months. Examination of 50 metaphases from each line revealed 40 chromosomes in 40 of the metaphases of line B6SUtA cl 27 and 45 of the metaphases of line B6JUtA cl 7; other cells of each line were exactly tetraploid, with 80 chromosomes. These data are similar to those obtained with "normal" IL-2 dependent T>cell lines (32) and committed factor-dependent granulocyte lines (33) .
Cell lines B6SUtA cl 27, B6JUtA cl 7, 32D cl 23, and Ro cl 24 were tested for the release of infectious murine retroviruses and for viral gene expression by the following assays: Supernatant from cultures of 107 cells in 4.0 ml was tested for virusassociated reverse transcriptase activity (18) and for rescue of (29, 33) and their lack of detectable leukemogenicity in vivo strongly argue that these multipotential cell lines are not malignant in the classic sense. Stable multipotential but nonmalignant hematopoietic progenitor cell lines should prove valuable for study of hemopoietic cell differentiation.
